Interrelationship between the breakdown of the blood-brain barrier (BBB) to Evans blue and eleva tions in the regional cerebral blood flow (rCBF) was studied in rabbits sUbjected to adrenaline-or metaram inol-induced systemic hypertension and also in bicucul line-induced seizures. The rCBF was assessed in small samples from various regions of the brain with the use of [3H]nicotine, and the permeability of the BBB was eval uated with an Evans blue tracer. In acute hy pertension, Evans blue extravasations were observed in the occipital cortex and sometimes in the superior colliculus, i.e., the regions which also showed the highest elevations in Epileptic seizures and acute hypertension are known to be associated with disturbances of the blood-brain barrier (BBB), the underlying mecha nisms of which have not yet been clearly defined. In both conditions there is a loss of autoregulation of blood flow, which may increase excessively in certain brain areas. According to some authors (Wiggendal and Johansson, 1972; Rapoport, 1976) , increased permeability of the BBB is related to the opening of tight junctions between the stretched en dothelial cells, produced by increased intramural pressure causing dilatation of the capillaries. On the other hand, many electron microscope observations (Westergaard et aI. , 1977(Westergaard et aI. , , 1978 using horseradish peroxidase as a tracer indicate that increased pi-Dr. Nitsch is an NIH Visiting Scientist from the
rCBF. The breakdown of the BBB in acute hypertension was clearly related to the rate of mean arterial blood pres sure rise, being much less pronounced in the metaraminol group, which showed a much slower blood pressure ele vation rate. In bicuculline-induced seizures, there was no evident correlation between the amplitude of rCBF ele vations and Evans blue extravasations. Preservation of BBB integrity was observed in areas showing high ele vations in the rCBF. Key Words: Acute hypertension Bicuculline seizures-Blood-brain barrier-Cerebral blood flow. nocytotic vesicular transport is mainly responsible for abnormal passage of proteins across the endo thelial barrier. In addition, Dinsdale et aI. (1974) considered that BBB leakage in acute hypertension may be associated with vasoconstriction rather than with passive vasodilatation.
Both in epileptic seizures and in hypertension ele vation of the mean arterial blood pressure (MABP) appears to be an essential element in BBB dysfunc tion, since the absence or abolition of a concomitant rise in blood pressure in convulsions has been shown to prevent effectively the opening of the bar rier (Bolwig et aI. , 1977; Johansson and Nilsson, 1977; Petito et aI. , 1977; Nitsch and Klatzo, 1983) . On the other hand, although systemic blood pres sure elevation is of a general nature, in both epi lepsy and hypertension the BBB changes and ce rebral blood flow (CBF) fluctuations have been known to show pronounced regional differences, the reasons for which are not clear (Johansson and Nilsson, 1977; Nitsch and Klatzo, 1983) .
To elucidate further the underlying mechanisms of BBB dysfunction in acute hypertension and in bicuculline-induced seizures, this study attempted to ascertain the extent of the interrelationship be tween regional BBB and CBF changes under these conditions.
MATERIALS AND METHODS
New Zealand White rabbits (1.8-2.5 kg) were anesthe tized by intramuscular injection of ketamine-HCl (Ve teral®, 10 mg/kg) and xylazine (Rompun®, 100 mg/kg) to allow intubation. The animals were placed on an auto matic heating blanket, and anesthesia was continued with halothane, nitrous oxide, and oxygen. Polyethylene cath eters were inserted in the left femoral artery, the right femoral vein, and the right brachial artery. In six of the rabbits the internal jugular vein was cannulated also. At the end of the surgical procedures (duration 70-100 min), heparin VSP (200 IV/kg) was injected and anesthesia ter minated. During the interval without general anesthesia all pressure points were locally anesthetized with xylo caine. The animals were immobilized with gallamine trie thiodide Flaxedil®, (0.2 mllkg i.v.) and mechanically ven tilated with a mixture of air and oxygen. The rabbits re mained under these conditions 90-120 min in order to remove halothane. During this period, the electrocar diogram (ECG), electroencephalogram (EEG) (from skin needle electrodes) and blood pressure were continuously recorded with a Brush polygraph. The EEG recordings revealed sleeping patterns indicating that the animals suf fered no pain. Occasionally arterial blood samples were withdrawn for hematocrit, Peal' Po2, and pH measure ments using a Corning 174 pH and blood gas analyzer. The experiments were carried out in compliance with the guidelines for the care and use of animals approved by the Council of the American Physiological Society.
The animals were divided into four groups: I. Control group: Six rabbits were injected with 2 ml of physiological saline into the ear vein.
2. Bicuculline grouP f Six rabbits were injected with 1.2 mg bicuculline (Sigma) in 2 ml saline into the ear vein. The onset of generalized seizure activity was determined by EEG recording.
3. Adrenaline group: Five rabbits were administered 0.2 mg atropine sulfate intravenously 5 min before injec tion of 0.2 mg/kg adrenaline chloride dissolved in 2 ml saline.
4. Metaraminol group: Four rabbits received i. v. injec tions of 0.5 mg/kg metaraminol bitartrate (Aramine®) in 2 ml of saline.
One minute after the injection of saline in the control group, and a few seconds after the onset of the EEG and ECG changes in the experimental groups, 280 j.LCi of [3H]nicotine bitartrate (Amersham, specific activity 2.5 mCilmg) dissolved in 6 ml of normal saline was infused into the femoral vein at a constant rate over 40 s. Arterial blood samples were collected every 2 s from the brachial artery during infusion of the tracer. Venous blood samples were collected from the animals with jugular vein cathe ters.
Each animal was decapitated 40 s after the start of the [3H]nicotine infusion. The brains were removed rapidly and dissected on ice. Tissue samples (10-50 mg) were taken in the following order: frontal cortex, occipital cortex, basal and dorsal part of the cerebellar vermis (lobus centralis and tuber vermis, respectively), preoptic area, hypothalamus, mammillary body, septum, caudate nucleus, internal capSUle, pallidum, anterior pole of the thalamus (comprising mainly the anteroventralis and dor salis-oralis nuclei), hippocampus [divided into a septal (dorsal) and a temporal (ventral) region], superior collic ulus, inferior colliculus, periaqueductal gray, and pons (pontine reticular formation). These samples were weighed quickly and placed in scintillation vials to which 1.0 ml of Soluene 350® (Packard) was added. Tw enty microliter aliquots of the blood samples were transferred to scintillation vials and also dissolved in 1 ml of Soluene. The vials were shaken for 4 h in a water bath at 50°C. Then, 10 ml of Instagel® (Packard) was added, and the vials were kept in the dark overnight. Radioactivity was counted in a Beckman LS 9000 liquid scintillation counter. Efficiency was determined by the Compton edge method, and disintegrations per minute were calculated using a Beckman LS library program for tritium.
The rCBF was calculated from the Fick equation using a freely diffusible indicator:
where F is the blood flow, Cj(T) is the concentration of indicator in the tissue at time T, Ca is the concentration of indicator in the arterial blood, and Cy is the concen tration of indicator in the venous blood. Since the ex traction of nicotine by the brain can be considered nearly complete and the venous outflow is negligible (see below), From the above assumption, CBF was estimated as fol lows:
F=
For the investigation of changes in BBB permeability, 12 rabbits were prepared in exactly the same way as those used for CBF measuremen�s;except that the cannulation of the femoral vein, brachial artery, and jugular vein was omitted. Evans blue (2%, 2 ml/kg) was injected intrave nously. Thirty minutes later, four rabbits received bicu culline, four adrenaline, and four metaraminol. Two to four minutes after seizure onset or MABP increase, the animals were perfused through the left heart ventricle with normal saline followed by 2 L of phosphate-buffered 4% Formalin®. Brains were removed 1 h after the per fusion and cut into coronal sections the next day. Evans blue leakage into brain tissue was detected macroscopi cally.
RESULTS
The physiological parameters, both in the control and experimental animals, before the rCBF deter mination were in the normal range: Pao2 = 118 ± 12 mm Hg, PaC02 = 33 ± 1 mm Hg, arterial pH = 7. 42 ± 0. 02, and MABP = 86 ± 3. 4 mm Hg. In the control group, these parameters and EEG re cordings showed no changes during eH]nicotine ap plication. The levels of radioactivity in jugular ve nous blood samples, obtained during the tracer in fusion in the six animals cannulated, were very small in comparison with the highest arterial spe cific activity (1. 0 ± 2. 0%)-thus fulfilling the pre condition for application of the nicotine method in rCBF determination.
Regional cerebral blood flow changes
In the control group, rCBF values were relatively constant from animal to animal as evidenced by the low SEM (Table 1) , and there were no significant differences (p > 0.05) between identical areas taken from right and left hemispheres. In the control group, CBF was highest in the frontal and occipital Values are means ± SEM.
a Significantly different from the metaraminol group, p < 0.01 (Student's t test for independent variables). cortex, followed by the inferior colliculus and the caudate nucleus. The lowest flow values were found in the pallidum and the white matter of the internal capsule.
The MABP in all experimental groups was nearly doubled after injection of the test substances. How ever, the rate of blood pressure increase differed, being twice as fast in the adrenaline group as in metaraminol-and bicuculline-injected animals, the latter groups showing a slightly lower peak of MABP elevation (Table 2) . Typical blood pressure, ECG, and EEG recordings in rabbits from the three experimental groups are shown in Figs. 1 and 2 .
The rCBF changes were very pronounced in the bicuculline group in which the animals were sacri ficed 40 s after onset of the seizures. The magni tudes of these changes varied from 286 to 538% of control values (Table O . The highest rCBF rises were present in the pallidum, periaqueductal gray matter, preoptic area, and pons, whereas the smallest increases were found in the neocortex and cerebellum. One animal showed no blood pressure changes before or during the seizures but neverthe less exhibited increased CBF in some brain regions: pallidum 1. 02 mllg/min (a 262% increase compared with the control level), thalamus 2. 07 ml/g/min (241%), and temporal hippocampus 1.46 ml/g/min (239%).
The rCBF in rabbits treated with adrenaline in creased to up to 218% of the control value (Table  O . Marked elevations were seen in the occipital cortex, superior colliculus, frontal cortex, and thal amus. In contrast, in the metaraminol-injected an- imals, CBF increased less. A significant rise was observed only in the occipital cortex.
Permeability changes
The evaluation of BBB permeability revealed that a regional BBB breakdown occurred in all animals treated with either bicuculline or adrenaline. Only one of four animals injected with metaraminol showed BBB leakage in the occipital cortex and superior colliculus. Brain regions which exhibited BBB permeability changes were different in epi leptic and hypertensive animals. In the case of bi cuculline, BBB permeability to Evans blue was con fined to central and basal parts of the brain and was never seen in the neocortex (Fig. 3) . On the other hand, all animals in the adrenaline group showed a patchy Evans blue penetration in the occipital cortex ( Fig. 4) and sometimes also in the superior colliculus. It should be noted that in the adrenaline- injected rabbits Evans blue leakage was confined to small, intensively labeled spots, whereas in the bi cuculline group leakage was more homogeneous and tended to spread to surrounding areas. Figure  5 represents a graphic correlation between regions affected by Evans blue extravasation and per centage of rCBF increase.
DISCUSSION
With regard to the applicability of [3H]nicotine in CBF measurements, Oldendorf (1971) has shown that BBB permeability to nicotine is very high, and Bradbury (1979) considered its uptake in the brain to depend solely on the blood flow. The determi nation of CBF using [3H]nicotine was introduced by Ohno et ai. (1979) with the assumption that during the early stages of infusion (30-50 s) there is no backflow of nicotine from brain to blood. We reex amined this assumption in the present study by measuring the radioactivity of the internal jugular venous blood obtained during the administration of [3H]nicotine and found that, even under experi mental conditions, only a negligible amount of ra dioactivity appeared in the venous blood. In addi tion, in the control group no changes were observed in physiological parameters during the infusion of 50 f.Lg/kg [3H]nicotine over 40 s. Furthermore, Ohno et ai. (1979) have demonstrated in rats that mea surements of rCBF with [3H]nicotine are compa rable to those obtained with [14C]iodoantipyrine, and in the present study the rCBF values measured in rabbits with [3H]nicotine were generally in good agreement with those obtained with other methods (Jamieson and Halsey, 1973; Dinsdale et aI. , 1974; Reynier-Rebuffel et aI. , 1979) . Horton et al. (1980) , using the [14C]iodoantipyrine or microsphere method to evaluate CBF in bicuculline seizures in duced in rats found, 10 min after seizure onset, five to eightfold increases in rCBF and relatively greater increases in the central and basal parts of the brain, which corresponds well with our data.
Concerning the behavior of the BBB in arterial hypertension our studies confirmed previous obser vations of Haggendal and Johansson (1972) that the BBB breakdown significantly depends on the rate at which the blood pressure is raised. In the present investigations both metaraminol and adrenaline produced blood pressure elevations similar in am plitude and increases in rCBF similar in location.
Nonetheless, blood pressure elevations in meta raminol-treated animals occurring at a much slow er rate (Table 2) were rarely associated with BBB leakage, which was regularly observed in the ad renaline-treated group. It has been postulated that in disturbances of BBB permeability an important role may be played by the tension of the vessel wall, which is related J Cereb Blood Flow Metabol, Vol. 4, No. I, 1984   FIG. 3 (left, top) . Coronal section of rabbit brain following bicuculline-in duced seizures. Areas of Evans blue ex travasation are recognizable in the hy pothalamus, thalamus, and the basal part of the hippocampus. to pressure and internal radius (Frank, 1920) . Ac cordingly, Johansson and Nilsson (1977) reported that the BBB dysfunction in hypercapnic rats and in rats with epileptic seizures was clearly related to the combined effects of high blood pressure and ce rebral vasodilatation.
In acute hypertension the critical moment for BBB dysfunction appears to arrive with the loss of autoregulation, resulting in a marked increase in CBF, and Johansson (1974) demonstrated in cats with metaraminol-induced hypertension that areas with BBB tracer leakage were associated with high elevations of the CBF in those regions. In our rab bits, subjected to adrenaline-induced hypertension, a correlation between CBF and barrier leakage was evident from the finding that the two locations, namely, the occipital cortex and superior colliculus, which showed the highest (>200%) CBF increases were also the ones which revealed Evans blue dis coloration. Also, in epileptic seizures an increase in intralu minar pressure appears to constitute an important factor in BBB dysfunction, as it was shown that the lowering of blood pressure by phentolamine in bi cuculline-induced seizures (Johansson and Nilsson, 1977) or by high cervical cordotomy in elec troshock-induced convulsions (Petito et al. , 1976) may effectively prevent breakdown of the barrier. Furthermore, in the recent studies by Nitsch and Klatzo (1983) on epileptiform seizures induced by various convulsive agents, BBB leakage was present only in animals in which the MABP rose about 50 mm Hg with the onset of convulsive motor activity.
On the other hand, in epileptic seizures the CBF itself can be considerably affected by various fac tors related to greatly increased metabolic rate during seizures, and this can be independent of blood pressure levels. Thus, studies by Meldrum and Nilsson (1976) indicated that, in the early phase of bicuculline-induced seizures, the reduction in ce rebrovascular resistance due to vasodilatation was associated with marked CBF rises, without con comitant elevations in arterial pressure. In this con nection can also be mentioned one of our bicucul line-injected rabbits which revealed, without blood pressure elevation, rises in CBF, although half as great, in the same locations as those occurring in animals in which seizures were associated with sys temic hypertension.
The assumption that the CBF in epileptic seizures may be influenced by various factors other than blood pressure may explain the lack of evident cor- relation between rCBF and BBB breakdown in our bicuculline-injected rabbits. Thus, the CBF eleva tions in the occipital cortex and superior colliculus, although considerably higher than in the adrenaline treated group (Fig. 5) , were not associated with Evans blue extravasations. Furthermore, even greater CBF increases in various other regions of the brain (Table 1) were not accompanied by a breakdown of the barrier in bicuculline-treated an imals, although the regions with the highest CBF values were also the ones which revealed Evans blue leakage (Fig. 5 ). Furthermore, although rCBF elevations almost similar in amplitude were ob served in septal and temporal hippocampi, as well as in superior and inferior colliculi, these structures showed, respectively, basic differences with regard to changes in the permeability of the BBB (Fig. 5 ). It can be also noted that the dorsal cerebellum, without any Evans blue leakage, showed consid erably higher rCBF elevation than the basal cere bellum, which revealed breakdown of the BBB.
To explain the preservation of the BBB in areas with marked elevations in CBF, we can assume that, as in the studies on bicuculline seizures by Meldrum and Nilsson (1976) , the elevations in CBF based on vasodilation and lowering of vascular re sistance may not have been accompanied by intra luminar pressure rises great enough to break down the BBB. In support of this assumption, Johansson and Nilsson (1977) showed that, in severe hyper capnia, vasodilatation per se without concomitant blood pressure elevation was not sufficient to pro duce the opening of the barrier. Otherwise, the local differences in the behavior of the BBB may be affected by features of regional vascular archi tecture, tissue pressure, and venous circulation.
In the present study, the bicuculline-injected an imals revealed no correlation between areas with rCBF increases and regions known to demonstrate neuronal damage. It should be emphasized, how ever, that in our study changes in rCBF and in the permeability of the BBB were assessed only within 1-4 min after onset of seizures, and it is likely that both these parameters may be quite different at later stages. Relevant to variabilities of BBB be havior in seizures may be the recent observations of Suzuki et al. (1983) , who demonstrated two in dependent BBB openings following the release of 5-min bilateral common carotid artery occlusion in gerbils. The first opening, demonstrable shortly after recirculation and associated with reactive hy peremia, was considered to be due to a hemody namic disturbance related to the loss of autoregu lation; the second BBB opening was evident only after 3 days in association with a severe neuronal injury in the hippocampus, and it was interpreted as being due to release of compounds from the se verely damaged tissue.
In our study, carried out in the early stages of bicuculline-induced seizures, the opening of the BBB appears to be primarily related to hemody namic disturbances; it is likely, however, that at later stages the disappearance of hemodynamic fac tors may lead to reversibility of early barrier dys functions, whereas fresh barrier openings may occur in areas associated with neuronal damage.
